Introduction
Capsule transportation through pipelines is an established mode of bulk solid handing, which is extensively employed in a number of industries i.e. mining industry, process industry, chemical industry etc. In many applications capsules that are being transported do not have any preferential shape. This makes estimation of flow characteristics within transportation pipelines difficult, which in turn affects poor design of such pipelines. Currently the effect of variations in capsule shape is accounted for by defining a shape factor as per the equation given below.
Ellis et al [1] [2] [3] [4] [5] carried out a number of experimental investigations on the flow of both equidensity and heavy-density capsules of shape factors of 1 (spherical) and 0.8094 (cylindrical, 2 with length equal to capsule's diameter, as defined in equation (1)), where equi-density and heavy-density refers to the capsules having the same and higher densities than their carrier fluid respectively. The size of the capsules varied from k=0.39 to k=0.89, where k=d/D, d and D being the diameters of the capsules and the pipeline respectively. The flow conditions investigated ranged from average flow velocity (V av ) of 1 m/s to 3.7 m/sec. Capsules' velocities (V c ) have been recorded in all these experiments. It has been reported that the capsule velocity is dependent on a range of different geometrical and flow related parameters, such as shape factor of the capsule, k, V av , length of the capsules (L c ), specific gravity of the capsules (s), spacing between the capsules (S c ) etc. For example, it has been reported that as the shape factor decreases, holdup (which is capsule to water velocity ratio i.e. H= ) increases. Similarly, capsules of smaller diameters propagate faster in the pipeline as compared to the capsules of larger diameters. Due to the nature of these studies being experimental, only limited information could be obtained regarding local flow characteristic in the vicinity of the capsules. Moreover, as the optimisation of HCPs includes information related to the pressure drop within such pipelines, these studies could not be used for such purposes. Experimental investigations similar to Ellis et al have been carried out by Kruyer et al [6] concluding that the capsule velocity decreases as its diameter decreases. Latto et al [7] and Hwang et al [8] have concluded that the length of the capsules has little effect on the efficiency of the system, while Tachibana [9] stated that capsules of lower shape factors offered less energy loss with HCPs. Tsuji et al [10] concluded that the presence of multiple capsules affected the flow structure within HCPs, while Ohashi et al [11] concluded that the pressure drop within HCPs was inversely proportional to the Froud Number. The same conclusions have been drawn by Bartosik et al [12] and Yanaida et al [13] as well.
Chow's [14] experimental investigations are perhaps amongst the first where the effects of a range of different geometrical and flow related parameters were enumerated on both the capsule velocity and the pressure drop within HCPs. However, the primary limitation of Chow's analysis is that it is being carried out for off-shore applications (vertical pipelines) only. As the flow structure within horizontal and vertical HCPs is quite different (because heavy-density capsules in horizontal pipes propagate along the bottom wall of the pipe, whereas, they travel along the centre-line in case of vertical pipes), Chow's results cannot be used for on-shore applications of HCPs. Mathur et al [15] , Agarwal et al [16] and Mishra et al [17] [18] conducted experimental investigations on the flow of capsules of shape factor (ψ) of 1 in HCPs, focusing on developing relationships for capsules' velocity.
Ulusarslan et al [19] [20] [21] [22] [23] [24] [25] [26] [27] have carried out extensive experimental instigations on the transport of capsules of ψ=1 in HCPs for on-shore applications (i.e. horizontal pipelines), developing expressions for capsules' velocity and pressure drop within the HCP. It has been reported that increase in the average flow velocity has negligible effect on the spacing between the capsules. Moreover, it has been reported that as the size of the capsule increases, the pressure drop across the pipeline increases. It has also been reported that the pressure drop across pipe bends is significantly higher as compared to equivalent straight pipe length. Vlasak et al [28] [29] conducted experimental studies on the flow of heavy-density capsules of ψ=0.8094 in HCP bends. It has been reported that as the shape factor of the capsules decreases, the hydraulic gradient across the pipeline increases. The capsule velocity has been considered to be equal to the average flow velocity in these investigations, which is a major limitation of the work. It has been observed that as the average flow velocity increases, capsule velocity also increases. However, no information regarding the local flow structure within the pipe bends has been reported. 3 The majority of works that have been reported on HCPs involve transportation of capsules of ψ=1 and 0.8094. Kyuyer et al [30] presented an analytical analysis on the flow of heavydensity capsules of ψ=0.8094 in the laminar flow of water; however, Charles [31] and Kroonenberg [32] conducted theoretical studies on the turbulent flow of equi-density and heavy-density capsules of ψ=1.5 in HCPs respectively. Both Charles and Kroonenberg have developed analytical expressions for capsules' velocity and the pressure drop (ΔP) within HCPs. While Charles assumed that both V c and ΔP being functions of k only, Kroonenberg neglected actual velocity profiles within the different sections of the HCP (such as the annulus region between the capsule and the pipeline), considering only mean velocities. These assumptions make these studies more theoretical than practical, as Round et al's [33] experimental investigations conclude that V c is function of both k and V av . In these works, the effect of capsule's shape factor has not been explored.
Newton et al [34] conducted perhaps the first numerical investigation on the flow of a capsule of ψ=0.8094-0.3838 (cylindrical with varying lengths) in an HCP. The range of investigations is the same as considered by Ellis et al [1] [2] [3] [4] [5] ; however, the flow is considered to be laminar in the study; same as Kyuyer et al [30] . Tomita et al [35] [36] carried out numerical investigations on both a single and a train of capsules in HCPs, where capsule/s have been considered as point masses, assuming a fully developed co-axial flow in the annulus between the capsule and the pipe wall. Capsules' velocity and trajectory have been reported in detail. Lenau et al [37] extended Tomita et al's work by considering a single capsule as both elastic and rigid body respectively, however, no discussions on the shape factor or the pressure drop within HCPs is presented in these studies. Khalil et al [38] [39] carried out numerical investigations on the flow of a capsule of ψ=0.3838 (long cylinder) in HCPs. A comparison of various turbulence models has been presented. Velocity profiles and pressure drop calculations have been analysed in detail. However, the shape factor of the capsule has been taken to be the same for all the cases in the investigation. A limited analysis of the flow field within the pipeline has been presented.
All the above works significantly enhance the understanding of capsule flow in pipelines, resulting in development of HCP's design principles, however, these studies are severely limited in systematically analysing the effect of the shape of the capsule on the hydrodynamic behaviour and the optimal design of HCPs. Most of these studies provide information on flow around regular shaped capsules, however, most capsules may be slightly asymmetric, and hence new investigations are needed for complex shaped capsules. With regards to the optimal design of HCPs, Polderman [40] reports design rules for both on-shore and off-shore applications of HCPs. The design rules are based on the pressure drop in the pipeline, Reynolds number etc. A general indication towards parameters that might be used for an optimisation model has been provided. However, no optimisation model has been developed, which can be used to design an HCP for practical applications. Assadollahbaik et al [41] developed an optimisation model for pipelines transporting capsules, based on maximum pumping efficiency. The costs involved in the design of such pipelines are, however, not included. Swamee [42] has developed an optimisation model for sediment transport pipelines based on the least-cost principle. The model assumes the value of the friction factor as the input to the model, strictly limiting its usefulness for commercial applications. Swamee [43] has further developed a model for the optimisation of equi-density capsules of φ=0.8094, in a hydraulic pipeline, based on least-cost principle. The friction factors considered, however, are not representative of the capsule flow in the pipeline, and hence severely limit the practicality of the model. Agarwal et al [44] has developed an optimisation model for multi-stage pipelines transporting capsules. The model is based on least-cost principle and uses the solid throughput as input to the model. The model developed is applicable for contacting capsules only, occupying the complete length of the pipeline. Furthermore, a homogeneous model for pressure drop prediction has been considered, where the friction factor used for the model is an approximation of the Colebrook-White's equation [45] , severely limiting the utility of the model in terms of accurate representation of the pressure drop in the pipeline transporting capsules. Sha et al [46] also developed an optimisation model for hydraulic pipelines based on saving energy sources. The model, however, cannot be used for multi-phase flows.
Asim et al [47] [48] [49] [50] have carried out detailed numerical investigations on the flow of both equi-density and heavy-density capsules of ψ=1 to 0.3838 for both on-shore and off-shore applications, including pipe bends. A wide range of geometrical and flow related parameters have been considered. Prediction models for the pressure drop in HCPs have been developed. HCP design optimisation methodology has been developed, based on least-cost principle. The pressure drop prediction models have been integrated with the optimisation model for practical design purposes. However, the primary concern with these studies is that the different capsule shapes have been treated separately. Furthermore, separate prediction models have been developed of both equi-density and heavy-density capsules. Hence, there is an exhaustive list of prediction models from which the HCP designers have to choose the most appropriate ones for precise modelling of HCPs.
The present study is an improvement in Asim et al's [47] [48] [49] [50] works where, the effect of shape of capsules with unequal mass distribution, in addition to the three most common shapes of the capsules (i.e. spherical, cylindrical and rectangular), have been represented in a single set of design equations. Variations in the orientation of the capsules with end nose have also been analysed in the present study. For commercial viability of HCPs, it is quite evident that these pipelines need to be designed optimally for widespread acceptability for wide ranging capsules. The designers are in need of a design methodology which accounts for the hydraulic and mechanical design of a pipeline transporting capsules. Hence, an optimisation model has been developed, which is both robust and user-friendly. The optimisation model is based on the fact that the total cost involved in the design of a pipeline transporting capsules is minimum.
Hydrodynamic analysis of HCPs
Darcy's equation for the pressure drop in a pipeline can be extended to compute pressure drop within HCPs carrying capsules of different specific gravities and sizes by separating the pressure drop within the pipeline due to water alone, and due to capsules only [51] .
where ∆P m represents the pressure drop across the pipe due to the mixture flow, ρ w is the density of water, c is the concentration of the solid phase in the mixture, V av is the average flow velocity and the constants k 1 , k 2 , k 3 , k 4 , k 5 , k 6 are the coefficients which relate the friction factor, density and the velocity of both the water and the capsules respectively to that of the mixture. Representing the effects of the concentration of the solid phase (c) and the constants k 1 , k 2 , k 3 , k 4 , k 5 , k 6 in terms of friction factor due to water alone (f w ) and friction factor due to capsules only (f c ), equation (2) can be simplified as:
Equation (3) is valid for the horizontal HCPs. This equation can be extended further to include the elevation effects as:
where g is the gravitational acceleration and ∆h w is the elevation of the water column. Hence, equations (3) and (4) represent the major loses in both on-shore and off-shore HCPs.
In order to compute the minor loses within HCPs, the following expressions for the loss coefficients of bends have been derived:
where K lw represent the loss coefficient of the bend due to water, K lc is the loss coefficient of the bend due to capsule and n is the number of bends attached to the pipeline. Friction factors and loss coefficients in equations (3-6) can be determined using well verified numerical methods, which can also provide useful information regarding the flow structure within HCPs.
Numerical modelling of HCPs
The numerical model of the hydraulic capsule pipeline considered in the present study has three sections i.e. an inlet pipe, a test section and an outlet pipe, where the lengths of these three sections are 5 m, 1 m and 1 m respectively, as shown in figure 1 (a). A 5 m long inlet pipe is used in order to allow the flow to become fully developed [52] . A 1m long outlet pipe has been used to minimise the effects of the outlet boundary condition in the test section of the pipeline. The test section is similar to that of [19] [20] [21] [22] [23] [24] [25] [26] [27] [47] [48] [49] [50] with a 100 mm internal diameter. The pipe surface has been considered to be hydrodynamically smooth, with an absolute roughness constant (ε) of zero. Five different shaped capsules, as shown in figure 1(b), have been numerically analysed in the present study. The pressure drop data for the basic capsule shapes i.e. spherical, cylindrical and rectangular capsules have already been published by the authors [47] [48] [49] [50] . The new shapes include cylindrical capsules with hemispherical and conical ends. These end shapes are expected to improve the hydrodynamic behaviour of the capsules. Moreover, in order to cover a wide range of geometrical variations within pipelines, vertical pipelines and two pipe bends of r/R=4 and 8 have also been considered for analysis in the present study [53] .
(a) 6 (b) Figure 1 (a) Numerical model of the HCP (b) Capsule shapes considered As three basic capsule shapes (i.e. spherical, cylindrical and rectangular), and two complicated shapes (i.e. hemispherical and conical ends) have been considered in the presented study, a shape factor (φ) has been defined to reflect the variations in the shapes of the capsules. The shape factor considered in the present study has been defined as a ratio of the surface area of the capsule to the mid-plane cross sectional area of an equivalent sphere (i.e. having same volume as the capsule). An additional term, based on the distance of the centre of gravity from the upstream end of the capsule, has also been included to accurately reflect the orientation of the complicated shapes of the capsules. The mathematical representation of the shape factor considered in the present study is:
where SA c is the surface area of the capsule and CSA equi-sphere is the mid-plane cross sectional area of a sphere having the same volume as the capsule. Vo 1 and Vo 2 are the upstream side and downstream side volumes of the capsule, as shown in figure 2. L 1 and L 2 are the distances from the upstream end of the capsule, to their respective centre of gravities (i.e. CGs), while ̅ is the length of upstream section of the capsule. The first term on the right hand side of equation (7) takes into account the effect of the shape of the capsule/s, while the second term accounts for the orientation of the capsule/s. In case of regular shaped capsules (i.e. spherical, cylindrical and rectangular), the second term in equation (7) is equal to 1. Table 1 summarises the variations in the shape factor for the shapes considered in the present study. It can be seen that the shape factor of the spherical capsules is 1. The shape factor increases as the capsule's sphericity decreases. Hence, for a cylindrical capsule of length equal to its diameter (i.e. L c =1d), the shape factor is 2.289, which is 129 % higher than the spherical capsule. Furthermore, as the shape of the capsule changes to rectangular, the shape factor further increases to 2.481 (for L c =1d). It is however interesting to note that when a cylindrical capsule is attached with an end nose, its shape factor decreases, because of its increased sphericity. This decrease in the shape factor is dependent on the shape of the end nose. Hence, a hemispherical end reduces the shape factor of a cylindrical capsule (for L c =1d) by 127 %, whereas a conical end reduces it by 124 %. It can be further seen that as the orientation of the capsule changes (for example, the end nose is towards the downstream side of the capsule), the shape factor increases. This effect is discussed in detail later. The test section of the HCP has been spatially discretised into an unstructured mesh of tetrahedral elements, while both the inlet and outlet pipes contain structured hexehedral elements. The combined element count of the flow domain is approximately 1 million. The concentration and the level of refinement of the mesh elements within the test section in general, and in the vicinity of the capsule/s in particular, have a substantial impact on the accuracy of CFD predictions. Hence, the mesh quality has been controlled in a manner that, in the vicinity of the capsule/s, the flow domain consists of smaller mesh elements to capture the complex flow phenomena accurately and consequently to provide reliable results. This methodology allows an effective discretisation of the flow domain that leads to much more efficient use of computational resources.
Figure 2 Representation of the shape factors of the capsules
In order to ensure that the numerical simulations are not influenced by the meshing controls, a mesh independence study has been carried out. The mesh has been refined/coarsened by dividing the flow domain into more/less number of mesh elements (element count of 0.5, 0.75, 2, 3 and 4 million). The independence of the simulation from the mesh density has been judged by the variation of the mixture pressure drop values across the test section of the HCP, for all the meshes considered. Table 2 shows the values of the mixture pressure drop across the test section for all the meshes. By examining the results, it is evident that the mixture pressure drop does not vary significantly beyond 1 million elements in the flow domain, and hence this mesh has been chosen for further analysis in the present study.
The inlet boundary of the flow domain has been modelled as a velocity inlet, where the inlet flow velocity can vary from 1 to 4 m/sec, depending on the operating conditions considered, as considered by many other researchers [19] [20] [21] [22] [23] [24] [25] [26] [27] [47] [48] [49] [50] . The outlet boundary of the flow domain has been modelled as a pressure outlet at atmospheric conditions. Both the pipe and the capsule walls have been modelled as hydrodynamically smooth walls, where the pipe wall is kept stationary, while the capsule walls translate with capsule velocity (V c ) [54] [55] [56] . The capsules' velocities have been reported in detail by Asim et al [47] [48] [49] [50] , however, there are separate expressions for the different shapes of the capsules. Based on the definition of the shape factor in equation (7), and the velocity data from Asim et al, new holdup (capsule to average flow velocity ratio) expressions have been developed for on-shore applications: 
and off-shore applications:
where the Reynolds number (Re) of the capsule/s is defined as:
Equations (8) (9) are valid over a wide range of Reynolds number (100,000 -400,000) in a 4inch pipeline with a circular cross-section, with capsules of k from 0.5 to 0.9, L c from 1d to 5d and specific gravities from 1 to 2.7. In order to check the validity of these equations, holdup values from these equations have been compared against holdup values given by Asim et al [47] [48] [49] [50] . Comparison of holdup values is shown in figure 3 for both on-shore and off-shore applications. It can be seen that more than 95 % of the data points lie within ± 10% error band in case of horizontal HCPs, and within ±15 % error band in case of vertical HCPs.
(a) (b) Figure 3 Comparison between calculated and measured holdup values for (a) horizontal pipes (b) vertical pipes Three dimensional Navier-Stokes equations, alongwith the mass conservation equation, have been numerically solved, using Finite Volume Method, in an iterative manner, for the turbulent flow of water in HCPs. Shear Stress Transport (SST) k-ω turbulence model has been used to model the turbulence within the flow domain. Both the density and the viscosity of water have been assumed constant (i.e. 998.2 kg/m 3 and 0.001003 Pa-sec respectively), while normal atmospheric pressure has been prescribed as the operating condition. Second order discretisation schemes for pressure, momentum and the turbulence parameters have been used for higher accuracy. In order to verify the CFD predicted results, experimental investigations have also been carried out. The details of the experimental setup are presented in the next section. water is drained into the tank. Figure 5 depicts two instances where a heavy-density capsule of φ=1 and capsule-to-pipe diameter ratio (k) of 0.7 is being transported by water at an average flow velocity (V av ) of 2.32 m/sec within the test section. It can be seen that as the capsule is heavy-density, it propagates along the bottom wall of the pipe. Figure 5 Flow path of a heavy-density capsule of φ=1 and k=0.7 at V av =2.32 m/sec at two different instances Table 4 summarises the experimentally recorded heavy-density capsule velocity data for φ=1, k=0.5 and 0.7. Comparison between equation (8) and the experimental findings has also been shown. It can be clearly seen that both the results are in close agreement, at different V av and k values, and hence equation (8) has been used to find out capsule's velocities at other operating conditions in horizontal HCPs. Further verification of the pressure drop in HCPs has been carried out by comparing CFD findings with the experimental findings of Ulusarslan [19] , as shown in table 5. Mixture pressure drop across the test section has been recorded at different average flow velocities. It can be seen that the CFD predicted pressure drop values are in close agreement with the experimentally recorded pressure drop values, at different operating conditions. Average variation of less than 5 % at all solid phase concentrations (c) has been recorded. It can thus be concluded that the numerical model considered in the present study represents the physical model of a pipeline, transporting capsules, accurately. 
Hydraulic capsule pipeline setup

Effect of shape factor on the flow field within HCPs
As discussed earlier, the complex flow phenomena associated with the transport of capsules in hydraulic pipelines has not been extensively reported in the published literature. There is a need to understand the hydrodynamic behaviour of the capsules of different shapes within an HPC to quantify the capsule shape effects on the pressure drop across the pipeline. This has been carried out in the present study, with a focus on explicitly establishing relationships between the shape of the capsules and the local flow parameters, like pressure coefficient, velocity etc., and hence on the global performance parameters, like pressure drop etc. The pressure coefficient definition used in the present study is:
where P is the local static gauge pressure and P atm is the atmospheric pressure. The CFD predicted pressure drop values have been used to develop novel semi-empirical expressions for the pressure drop within HCPs, which in-turn has been embedded into the HCP optimisation methodology developed for the flow of capsules of various shape factors in HCPs. Figures 6 and 7 depict the local variations in the pressure coefficient and the flow velocity magnitude within the test section of the horizontal pipe respectively, transporting equidensity capsules of capsule-to-pipe diameter ratio of 0.5 at an average flow velocity of 1 m/sec. The length of the cylindrical and rectangular capsule considered here is equal to the hydraulic diameter of the capsules, hence φ=2.289 and 2.481 respectively. The inlet of the test section is on the left, hence, the flow direction is from left to right. It can be seen in figure 6 that the presence of a capsule makes the pressure distribution highly non-uniform within the HCP, as compared to single phase flow where it is known that static pressure remains constant along the radial direction at a particular pipe cross-section [57] . The pressure gradients are fairly large upstream the capsule. The higher upstream pressure coefficient is due to the difference between the average flow velocity and the capsule velocity. This is associated with reduction in the flow velocity upstream the capsule, as depicted in figure 7 . The flow enters the annulus region between the pipe wall and the capsule. As the crosssectional area decreases, the flow accelerates, resulting in reduction in the static pressure. The flow, while exiting the annulus region, decelerates, resulting in increase in the pressure coefficient. Downstream the capsule, the pressure coefficient recovers to some extent while the wake region of the capsule extends further downstream. Comparing the flow fields associated with different shaped capsules, it can be seen that the pressure coefficient distribution upstream the capsules remain fairly the same for all the different shape factors. However, there is a significant difference in the upstream static pressure coefficient values, which are higher for flat shaped (φ=2.289 and 2.481) capsules. Flow separation has been observed to occur on peripheral edges of the front face in these shapes. Furthermore, vortical structures have been noticed to emerge from the rear periphery of the capsules with sharp edges (except for φ=1 Hence, it can be concluded that as the shape factor of the capsule increases, the pressure drop across the HCP also increases. HCPs is the same. The difference in the capsules' pressure drop contributions is due to capsules' shape factor only. It can thus be concluded that as the shape factor increases, the pressure drop within an HCP increases. Figures 10 and 11 depict the local variations in the pressure coefficient and the flow velocity magnitude within an HCP bend of r/R=4 respectively, transporting equi-density capsules of capsule-to-pipe diameter ratio of 0.5 at an average flow velocity of 1 m/sec. It can be seen that both the pressure and the velocity fields are highly non-uniform, and are strongly dependent on the position and orientation of the capsules within the bend. Although the pressure distribution is somewhat similar upstream the capsule, it is very different downstream it for different capsules. The secondary flow generating capability within an HCP bend is considerably more as compared to straight HCP pipes. The pressure drops across the test section for φ=1, 1.004, 1.02, 2.289 and 2.481 are 169 Pa, 201 Pa, 262 Pa, 305 Pa and 522 Pa respectively. Hence, it can be seen that the pressure drop in HCP bends is higher than in HCP pipes, and it increases as the shape factor of the capsules increases. The effect of capsule motion and its orientation within an HCP has also been investigated. It has been observed that in case of horizontal HCPs, the average pressure drop across the pipeline for different capsule inclinations is within +8% of the results reported here. Similarly, in case of vertical HCPs, the average pressure drop for different capsule inclinations is within +2% of the results presented in this study.
Horizontal HCPs
HCP Bends
Effect of capsule density on the flow field within HCPs
Detailed investigations on the flow of heavy-density capsules of different shape factors are important because heavy-density capsules flow differently in horizontal and vertical pipes. As the specific gravity of the heavy-density capsules is more than 1, in horizontal pipes, these capsules propagate along the bottom wall of the pipe, hence disturbing the axis-symmetric flow distribution. Thus, the distorted velocity profiles in the pipeline leads towards the generation of secondary flows, increasing the losses within the pipeline. In case of heavydensity capsules flowing in vertical pipes however, they still travel along the axis of the pipe, however, due to force balance; the net forward acting force on these capsules is considerably less, resulting in lower capsules' velocities. Figures 12 and 13 depict the local variations in the pressure coefficient within the test section of both the horizontal and vertical pipes respectively, transporting heavy-density capsules of capsule-to-pipe diameter ratio of 0.5 at an average flow velocity of 1 m/sec. It can be clearly seen in figure 12 that the pressure coefficient variations in the vicinity of the capsules are significantly different to what was observed in case of equi-density capsules. This is due to the positioning of the capsules along the bottom wall of the pipe. However, in case of vertical pipes, in figure 13 , the specific gravity of the capsules has no effect on its position. The gap between horizontal pipe's bottom wall and the capsule of φ=2.481 is due to the sharp edges of the capsules which rest on the pipe wall, hence not allowing the bottom face of the capsule to come in contact with the pipe wall. Hence, it can be concluded that as the density of the capsules increases, the pressure drop within the pipeline increases. The results also suggests that the as the shape factor of the capsule increases, the pressure drop across the pipeline increases. Furthermore, it can be concluded that the addition of end shape to the capsules significantly reduces the pressure drop within the pipeline. The increase in the pressure drop within a horizontal HCP carrying heavy-density capsules is due to the positioning of the capsules within the pipeline, while increase in the pressure drop across vertical HCPs carrying heavy-density capsules is due to the relative velocity of the capsules with respect to the carrier fluid. 26 (a) (b) (c) (d) (e) Figure 13 Pressure coefficient variations within a vertical HCP for the flow of a single heavydensity capsule of (a) φ=1 (b) φ=1.004 (c) φ=1.02 (d) φ=2.289 (e) φ=2.481 of k=0.5 at V av =1 m/sec
Effect of the orientation of capsule on the flow field within HCPs
For a wide range of analysis, the complicated shaped capsules (with end noses) have been considered in the present study to have a different orientation as well, which refers to the end nose located at the downstream end of the capsule/s. Hence, the new shape factors are 1.304 (for hemispherical end) and 1.395 (for conical end). Figures 14 and 15 depict the local variations in the pressure coefficient within the test section of a horizontal pipe, transporting both equi-density ( figure 14) and heavy-density ( figure 15 ) capsules. The capsule-to-pipe diameter ratio considered here for analysis is 0.5, while the average flow velocity is 1 m/sec. It can be clearly seen in figures 14 and 15 that the local pressure variations with the test section of the pipeline are significantly different to what has been observed in figures 6 and 12, which corresponds to the end shapes orientated upstream the capsules. The pressure distribution immediately downstream the capsules are more erratic in the case of equi-density capsules. These irregularities in the pressure distribution are expected to cause additional pressure loss within the pipeline, which is discussed later.
(a) (b) Figure 14 Pressure coefficient variations within a horizontal HCP for the flow of a single equi-density capsule of (a) φ=1.304 (b) φ=1.395 of k=0.5 at V av =1 m/sec
Comparing figure 15 with figure 12 reveals that when the end shape of the capsule is orientated downstream, the pressure distribution both upstream and downstream the capsule are significantly affected. Especially upstream the capsules, as the flow comes in contact with a flat surface, the pressure distribution resembles the case observed in figure 12(d) , which corresponds to a heavy-density capsule of φ=2.289.
(a) (b) Figure 15 Pressure coefficient variations within a horizontal HCP for the flow of a single heavy-density capsule of (a) φ=1.304 (b) φ=1.395 of k=0.5 at V av =1 m/sec Further analysing the effects of the location of capsule's end, table 6 summarises the mixture pressure drop being recorded for both equi-density and heavy-density capsules with the corresponding end shapes orientated either ways. It can be clearly seen that when the capsule end shape is orientated downstream the capsule, the pressure drop in the pipeline increases, as compared to the end shapes orientated upstream the capsules. Another important point to note here is that when the end shapes are orientated downstream the heavy-density capsules, the pressure drop across the pipeline is less than for an equi-density capsule with the same shape and orientation of the end nose. Comparing figures 14 and 15 reveal that the secondary flows are generated by the capsule, from either ends, however, in case of heavy-density capsules, only the upper surface of the capsules is exposed to the flow, and hence the secondary flows are observed to generate only from this surface.
Once the pressure drop data has been obtained for a wide range of capsule shape factors and operating conditions, this data has been statistically processed to develop semi-empirical prediction models for capsule's friction factor (in straight pipes) and loss coefficient (in bends). These prediction models have been further embedded into an HCP optimisation model. Table 7 summarises the prediction models developed. 
In order to verify that these prediction models do match with the CFD predictions of the pressure drop across the pipeline, f c and K lc from these models have been compared against CFD predicted f c and K lc values, as shown in figure 16 , for both the horizontal and vertical HCPs. It can be clearly seen that more than 90 % of the data points from the developed prediction models lie within ±15 % difference from the CFD predicted f c and K lc values.
(d) Figure 16 Comparison between CFD measured and equations based calculated friction factors and loss coefficients for (a) horizontal pipe (b) horizontal bend (c) vertical pipe (d) vertical bend
Optimisation methodology for hydraulic capsule pipelines
Pipelines designers are always looking towards optimisation to design of pipelines based on different principles, such as least-cost of the pipeline, minimum energy consumption etc. Same is true for hydraulic capsule pipelines as well. In view of this, an optimisation methodology has been developed in the present study for hydraulic capsule pipelines. The developed methodology is based on the least-cost principle; hence, various costs involved in an HCP design have been taken into consideration, and discussed in detail here.
The total cost of an HCP comprises of the manufacturing costs and the operating costs. The manufacturing costs involves the manufacturing of the pipelines itself and the capsules to be transported, while the operating costs constitute the day-to-day operation of the pipeline system, and is also called as the cost of power. Hence:
Cost of piping material
The cost of pipe per unit weight of the pipe material is given by [58] : (13) where t is the thickness of the pipe wall. According to Davis et al [59] and Russel [60] , the pipe wall thickness can be expressed as: (14) where C c is a constant of proportionality dependent on expected pressure and diameter ranges of the pipeline. 32 
Cost of the capsules
The cost of capsules per unit weight of the capsule material can be calculated as:
where SA c is the surface area of the capsules, t c is the thickness of the capsule wall, N is the number of capsules in the pipeline and cap is the specific weight of the capsule material. The number of capsules in the train/pipeline can be calculated as follows:
where L c and L p are the lengths of the capsule/s and the pipeline, while S c is the spacing between the capsules. Re-ordering equation (16) gives: (17) where L c is same as d for φ=1 capsules. L c and S c should be chosen such that N is an integer.
Cost of power
The cost of power consumption per unit watt is given by:
where Po is the power requirement of the pipeline transporting capsules. The power controls the selection of the pumping unit for transporting the capsules within the HCP. This power can be expressed as [61] : (19) where Q m is the flow rate of the mixture, ∆P Total is the total pressure drop in the pipeline transporting capsules and η is the efficiency of the pumping unit. Liu [62] reports the expression to find the mixture flow rate in a circular pipe as:
The total pressure drop can be calculated from equations (3) (4) (5) (6) , where f c and K lc have been summarised in table 7, while f w can be found by the Moody's approximation [63] as:
K lw has been found out to be:
Solid throughput requirements
Hydraulic capsule pipelines are designed for particular solid throughput requirements; hence the solid throughput (in m 3 /sec) is an input to the optimisation model being developed here. The solid throughput can be expressed as: 33 ( ) (23) The time taken to travel unit distance can be computed as:
Combining equations (17, (23) (24) gives the solid throughput as: (25) where Vo c is the volume of a capsule. It is important to note here that V c is calculated using equation (25) . Moreover, V av can be represented in terms of V c from the holdup expressions presented in equations (8) (9) . The following steps should be followed to run the optimisation model:
1. Assume a value of D. k and d are a function of D, hence automatically calculated.
2. Specify capsule density. s will be automatically calculated.
3. Specify L c , t c , C 1 , C 2 , C 3 , C c , η and the material properties of the pipeline (already known).
Specify solid throughput requirements (Q c ).
5. V c is computed using equation (25) and V av is calculated from equations (8) (9) . Hence, Re w and Re c are automatically calculated.
6. Q m is computed using equation (20) . Q w is automatically calculated as Q c is known.
7. Compute the cost of pipe and the capsules.
8. Calculate friction factors and loss coefficients for both water and the capsules. Major, minor and total pressure drops will be automatically computed.
9. Compute the power requirement for the system using equation (19) and the cost of power using equation (18) . 10 . Calculate the total cost of the pipeline.
11.
Repeat steps 1 to 10 for various values of D until that value is reached at which the total cost of the pipeline is minimum.
HCP design example
The storage area of a processing plant is half a kilometre away. Lead oxide needs to be transferred from the storage area to the plant within capsules of φ=1.004, k=0.5, L c =3d and t c of 3 mm, within a steel pipeline. The spacing between the capsules should be 3d. The required throughput of lime is 0.001 m 3 /sec. Find the optimal size of the pipeline and the pumping power (60 % efficient) required for different capsule shapes for this purpose.
Solution: According to the current market, the values of different constants involved in the optimisation process are:
Following the aforementioned HCP optimisation steps for the transport of capsules, different costs involved and the required pumping power are summarised in table 8. It can be seen in table 8 that as the diameter of the pipeline increases, both the manufacturing and the power costs increases, which in-turn increases the total cost of the pipeline. The increase in the manufacturing cost is because pipes of larger diameters are more expensive as compared to smaller diameter pipes. The increase in the cost of the power is because, for the same solid throughput required, increasing the pipeline diameter decreases the flow velocity within the pipeline, which in-turn decreases the power required from the pumping unit. As the required power decreases, the cost of power also decreases. These trends have been plotted in figure 17 , for the costs only. It can be clearly seen that the increase in the manufacturing cost is not directly proportional to the decrease in the cost of power. Hence, the total cost is seen to first decrease upto a certain value of the pipeline diameter, and then it increases. Hence, the effect of the cost of power is dominant on the total cost at lower pipeline diameters, while the manufacturing cost is dominant at larger diameters. Due to this shift in the cost dominance from the manufacturing and power costs, the total cost curve shows a local minima at the point where this shift occurs. The corresponding pipeline diameter is the optimal diameter for the pipeline, for that particular solid throughout required, based on the least-cost principle. It can be seen that that a pipeline of diameter = 8 cm is optimum for the transport of capsules of φ=1.004, k=0.5 and L c =3d. The corresponding total cost and the required power of the pumping unit are £13,812 and 3.2 kW. In order to further analyse the usefulness of the design optimisation methodology developed in the present study, a wide spectrum of the parameters involved is considered. This has led to development of performance charts for HCPs with different shaped capsules (having different shape factors) and different solid throughput requirements. These performance charts are shown in figure 18 , where figure 18(a) depicts the variations in the optimal pipeline diameter as a function of the solid throughput and the shape factors of the capsules, while figure 18 (b) depicts the variations in the total cost per meter of the pipeline. It can be clearly seen that as the required solid throughput increases, the optimal pipeline diameter and the total cost of the pipeline increases. Moreover, as the shape factor increases, for regular shapes, both the optimal pipeline diameter and the total cost of the pipeline decrease. This is also true for capsules with end shapes; however, the combined trend is non-linear. This means that the capsules with end shapes are more suitable as far as the optimal design of the HCP is concerned. These charts can be used effectively to design an HCP for various operational constraints.
(a) 36 (b) Figure 18 Effect of the solid throughput required and the shape factor of the capsules on the (a) optimal diameter and (b) total cost per unit length of the pipeline
Conclusions
The flow of capsules of various shapes have been numerically simulated within hydraulic capsule pipelines for both on-shore and off-shore applications. The effect of the shape factor of the capsules on the pressure distribution within such pipelines has been critically evaluated. Novel semi-empirical pressure drop prediction models have been developed, as a function of the capsules' shape factors, which are then embedded into a pipeline design optimisation model. An example on the usefulness of the optimisation methodology has been presented, with performance charts for a number of practical scenarios being developed.
The results obtained from the numerical simulations indicate that as the shape factor of the capsule increases, the pressure drop across the pipeline also increases. The increase in the shape factor increases pressure non-uniformity within the pipelines. Further pressure nonuniformity has been observed in the case of on-shore hydraulic capsule pipelines, when the density of the capsule/s is higher than that of the carrier fluid. The capsules propagate along the bottom wall of the pipeline, indicating additional energy losses due to contact friction. It has been observed that although the pressure drop across a vertical hydraulic capsule pipeline is considerably higher as compared to a horizontal pipeline, the pressure loss contributions due to presence of the capsules in the flow field remain fairly the same. Moreover, orientating the capsule end shape on its upstream end is recommended, as it causes lower pressure drop across the pipeline. Based on the pressure drop results, novel semi-empirical prediction models have been developed for the friction factors and the loss coefficients of the capsules, as a function of the shape factor of the capsules. These prediction models have been embedded into the pipeline optimisation model. Performance charts for various shaped capsules have been developed in order to aid the designers of hydraulic capsule pipelines.
Nomenclature c
Concentration of the solid-phase in the mixture (%) C c Constant of proportionality (-) C 1 Cost of power consumption per unit watt (£/W) C 2 Cost of pipe per unit weight of pipe material (£/N) C 3 Cost 
